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In  tha  ayaten  UjO-AljOg- 

TiOj,  ZrOj  and  l£o£  aa 

nuclaatora .  The  major  cryatallina  phaaaa  in  thaaa  aaaplea  wart  apinal, 

gehnifci«~-(3Pquaru  aolld  eolutlona  and  petalite-llka-phaae .  Thaaa  war# 

'doped  with  Or (11X)  and  apectroaeopic  propartiaa  aaaaured.  Tha  efficiency 

of  luninaaoance  in  thaaa  (laaa  caraaloa  waa  vary  high  compared  to  glaaa 

aamplea.  via.  ea.  50J!  in^quarti,  733*  in  petallto-llka-phaaa  and  eloaa 

to  unity  in  gahnite.  For  practical  purpoaaa  tha  raaulta  may  ba  lnportant 

in  daaignin*  luminescent  aolar  concantratora  and  laaara  baaad  on  Cr(III) .  , 


ABSTRACT 


8i0(T, 


aparant  (laaa  caraaloa  warn  prepared 

Mgb*AlibJ-8iO^  and  ZnO-AtfO^-SiOr'  uiinf 


Tima-reaolved  apactroacopy  of  Cr^-dopad  glaiaes  or  apinal* typo  \ 

(laaa  caraaloa  with  titanlua  and  titanlua-airconlua  aa  nucleating  agent 
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allow#  ua  to  dlatln(uiah  batman  tha  lonclivad  B  and  ahort-llvad  T2 
atataa.  Taaparatura  dapandanca  and  tlaa  raaolution  paralt  ua  to  looata  tha  | 
varioua  lavala  and  praaanca  of  a((ra(ataa  of  CrJ  in  thaaa  ayatana. 


Several  typaa  of  tranaparant  (laaa- caraaloa  dopad  by  Cr(lII)  wara 
praparad  in  SiO^-AljOq-RO  (R  •  Mg,  Ca.  Zn)  ayatana.  Tha  cryatallina  phaaaa 
obtalnad  after  appropriate  haat  traatnanta  wara  datarainad  by  X-ray 
diffraction.  Tha  apactroacopic  behavior  of  Or (III)  allowa  charactariaation 
of  tha  cryatallina  phaaaa  in  which  Cr(IIl)  ia  Incorporated  by  analogy  with 
cryatale. 


Nullita  (laaa-caranloa  wara  praparad  with  varying  concantratlona  of 
Or (1X1).  The  X-ray  abaorptlon,  aniaalon  and  BPR  apectra  reveal  that  tha 
arant  defined  cryatala  are  famed  at  the  lowaat  concentration  of  Cr(III). 
Tha  concentration  quenching  of  tha  lualnaacenca  la  anall  and  tha  quantum 
efflclenciaa  high  aa  coaparad  with  glaaaaa. 


HttPARATION,  CHARACTERIZATION  AND  PROPERTIES  OF 
TRANIPAWWT  OLAS8  CBRAWCS 


Transparent  glasi  csruici  were  prepared  in  the  eye tea  Ll^O-AljOj- 
8i0j,  NfO-AljOj-SiOj  and  ZnO-AljOj-SiOg  using  T102,  ZrOj  and  PjO$  as 
nucleate?*.  The  aajor  crystalline  phase*  in  these  staple*  ware  spinal, 
gahnlte,  g-quarts  solid  solutions  and  petal Its- like -phase.  These  were 
doped  with  Cr(XlI)  and  apeetrotcoplc  properties  aeaaured.  The  affloieney 
of  lualnesoenoa  in  these  glass  ceramics  wav  very  high  compared  to  glass 
samples,  via.  oa.  SOU  In  8-quarts,  75#  In  petallta-llke-phas*  and  close 
to  unity  In  gahnlte.  For  practical  purposes  the  results  nay  be  Important 
in  designing  luminescent  aolar  concentrators  and  lasers  based  on  Or(IIX). 


‘  6  !" 

1.  INTRODUCTION 

Slants  containing  Cr(lll)  at  potential  materials  for  solar 
concantrators  wart  studied  intensively  [13.  The  strong  absorption  of 
Cr(Ul)  extending  over  almost  the  entire  visible  spectrum  makes  it  a 
priori  a  good  candidate  for  the  capture  of  solar  energy.  However,  the 
gilasty  phase  seems  to  provide  a  medium  with  too  low  quantum  efficiencies 
of  fluorescence  (lest  than  SSI  CM3),  while  there  are  Indications  of  very 
high  quantum  efficiencies  in  crystalline  phases. 

Glass  Ceramics  in  which  Cr (111)  is  concentrated  in  crystallites 
dispersed  in  a  glassy  phase  and  having  dimensions  smaller  than  the 
wavelength  of  visible  radiation,  should  provide  transparent  materials  of 
high  quantum  efficiencies,  from  which  plates  can  be  madn  quite  readily. 
This  was  Indeed  demonstrated  qualitatively  in  transparent  glass  ceramics 
containing  mulllte  [2]  melted  at  temperatures  above  16S0°C.  The  main 
objective  of  the  present  study  was  to  prepare  transparent  glass  ceramics 
containing  Cr(UI)  in  different  crystalline  phases  (temperature  of  melting 
preferably  below  1600°C),  to  determine  the  absorption  and  emission 
characteristics  of  Cr(III)  in  these  materials  and  to  compare  them  with  the 
characteristics  of  Cr(lll)  in  glasses. 

Glasses  in  the  basic  UgMlgOj-SlOg,  MgO-AlgOySlOg  and 
ZnO-AljOj-SlOj  systems  were  prepared.  Ti02  was  first  used  as  a  nudeator. 
but  when  it  turned  out  that  it  was  causing  colouration,  it  was  attempted 
to  reduce  its  quantities.  TiOg,  ZrOj  and  PjOg  were  then  employed  as 
nucleators,  alone  or  in  combination  with  each  other.  The  crystalline 
phases  produced  in  the  transparent  glass  ceramics  were:  spinel,  gahnlte, 
••quarts  solid  solutions  and  petalite-Iike  phase.'  Comparison  of  the 
properties  of  gahnite  and  spinel  it  of  interest  since  they  have  the  same 
spinel  type  structure,  which  In  gahnlta  Zn  ions  replace  all  Mg  tons. 


During  preparition  of  th«  unpin  for  meisurements  of  the 
spectroscopic  properties  it  ou  noticed  that  sons  of  the  samples  wart  vary 
hard.  Quantitative  measurements  confirmed  thata  obsarvations. 
Microhardness  measurements  were  carriad  out  on  several  modifications  in 
composition  of  the  glams  and  glass  ceramics,  However,  thas*  results 
will  not  bis  data! lad  in  tha  prasant  papar  sinca  cartaln  aspects  still  need 
further  alaboration. 
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2.  EXPERIMENTAL 

The  compositions  of  the  glasses  intended  for  the  preparation  of 
transparent  glass  ceramics  lie  on  tha  ROfRjO) : Al 203*1 :1  or  on  its  Al203 
sida  of  tha  high  silica  and  of  tha  diagram. 

Tha  selected  compositions  are  shown  in  Table  1. 

Tha  glasses  of  tha  desired  compositions  wara  prepared  by  thoroughly 
dry  mixing  of  the  batch  ingredients  by  hand,  in  a  porcelain  mortar,  for 
15-20  minutes,  in  batches  to  yield  about  100  grams  of  glass.  The  raw 
materials  were  high  purity  oxides  ex^pt  for  UOH.tfeO  and  Mi|^P04  as 
sources  of  U20  and  f^Ofc,  respectively.  As  sources  of  SKfe  and  A120^  - 
Belgian  glass  sand,  "Sibelco"  (99.85  SiCfe)  and  of  Alcoa  A-16SQ  (>99.51 
A12Oj)  respectively,  were  used. 

Melting  of  the  glesses  was  done  in  alumina  crucibles  at  temperatures 
of  1660-1S80°C.  in  an  electric  furnace,  for  2-J  hours.  The  melted  glass 
was  cast  into  steal  moulds  and  pressed  into  plates  approximately  5mm 
thick.  These  were  immediately  placed  in  a  furnace  at  550°C  for  annealing; 
the  furnace  was  turned  off  and  sample  cooled  down  with  it. 
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Conditions  of  furthor  host  treatment  were  determined  using  mss 
crystal  1 1 utlon  In  nn  alactrlc  fumaca.  Hast  treatment  was  done  in  two 
stages.  The  Initial  stage  varied  between  700*800°C  (4-10  hr*).  The 
temperature  of  the  second  stage  (crystallization)  was  selected  to  be  the 
highest  possible  above  which  the  glass  ceramic  lost  transparency.  Hasting 
rate  was  J-5°C/min.  NNuc1eatlonM  and  crystallisation  temperatures,  t1  and 
tj  respectively,  and  soaking  times  are  shown  in  Table  1. 

The  crystalline  phases  present  after  heat  treatMnt  were  determined  by 
X-ray  diffraction  of  powdered  samples  using  a  Philips  diffractometer  with 
CuKw  radiation  with  Ni  filter. 

The  details  of  the  instrumentation  and  spectroscopic  measurements  - 
absorption,  excitation  and  emission  spectra  •  are  given  in  references 
C3.4J. 

Linear  thermal  expansion  coefficients  were  determined  using  a 
Chevenard  Model  SO  diletometer. 

3.  RESULTS  AND  DISCUSSION 


3.1  Phase  Compositions 

The  main  crystalline  phases  present  In  the  glass  ceramic  samples  are 
shown  in  Table  1. 

Masses  3  and  7 

The  original  compositions  of  glasses  3  and  7  represent  the  highest  and 
lowest  silica  contents,  respectively,  in  the  cordierite  field  in  the 
HgO-AljOj-SlO*  phase  diagram.  Three  crystalline  phases  were  found  in  both 
compositions  after  the  appropriate  heat  treatments:  '  Muartr  »s  (q), 
spinel  (s)  and  Mgnesium-aluminotitanate  (Net).  (Pig.  11. 


The  similarity  In  the  phmi  found  In  the  two  compositions  suggests 
tho  HKollhood  of  •  phi  so  separation  procfii  (liquation)  of  tha  original 
glass  during  heat  treatments.  In  the  process  a  high-silica  glassy  phase 
crystallized  to  form  e-quartz  ss.  while  the  high-cation  glassy  phase 
yielded  spinel  and  Hat. 

the  relative  quantities  of  spinal  and  Mat  are  approximately  the  sane  in 
base  glasses  I  and 7,  but  .  a  quantity  of  the  i-quartz  as  phase  is  higher 
in  glass  no.  7.  It  may  be  assumed  that  the  high  cation  glassy  phase  has 
about  the  same  composition  in  both  samples;  but  the  high  silica  phase  in 
sample  no.  7  is  enriched  with  MgO  and  AI2C3,  still  maintaining  the 
p-quartz  structure;  while  the  same  glassy  phase  in  sample  no.  3  is 
enriched  with  silica,  making  it  lest  amenable  to  crystallization.  The 
transparent  glass  ceramic  no.  3  is  thus  expected  to  consist  of  a  higher 
proportion  of  glassy  phase. 

The  linear  thermal  expansion  coefficients  of  the  two  glass  ceramic 
samples  are  37  and  47  x  10*7  (1/°C)  for  glass  ceramics  no.  3  and  7. 
respectively. 

The  substitution  of  part  of  the  TJOj  by  ZrOj  (in  glasses  7Z  and  3-1) 
resulted  in  a  change  in  the  liquation  process  and  in  the  composition  of 
the  coexisting  glassy  phases.  In  the  transparent  glass  ceramics 
petal ite-1  ike  phase  (pipit  a*quartz  ss  and  Zr02  were  found.  It  is  known  [5} 
that  pip  appears  during  the  Initial  stages  of  crystallization  of  TIQ2 
-containing  liquated  glasses  and  of  glasses  in  the  high  magnesium  low 
silica  part  of  the  M0O-A1  ^Oj-Sl 02  system  located  near  the  liquation  field. 
It  probably  represents  a  series  of  solid  solutions  on  the  .basis  of 
NgO'SIOi  obtained  as  a  result  of  substitution  Ml**— ttAI'S*e  Mg4*  into  a 
layered  structure,  or  introduction  of  (AlO^Hg^g  between  layers  CD. 


10 


Introduction  of  Zr02  into  the  composition  of  tho  gloss  promotes  tho 
rodistri bution  of  tho  components  during  liquation:  tho  structure  of  tho 
high  silica  phaso  Is  similar  to  tho  ono  of  a-quartz  (as  in  glassos  no. 3 
and  7)i  tho  structure  of  tho  high  cation  phaso  is  similar  to  that  of  pip. 
Thus,  in  composition  no.  9-1  l-quarti  ss  is  tho  bast  crystalline  phaso. 
and  in  composition  no.  72  pip  is  tho  base.  In  both  compositions  Zr02 
appears  in  tho  crystal  lino  fore  (fig,  1). 

Tho  substitution  of  part  of  tho  Ti02  by  Zr02  and  P20j  (glass  no.  7P) 
resulted  in  tho  transparent  glass  ceramic  •  containing  only  AlP04.  One  may 
suppose  that  tho  mechanism  of  crystallization  changes:  tho  liquation  of  the 
glass  doss  not  take  place:  P5*  forms  with  Al3*  stable  groups  which 
crysatlllzo  after  suitable  hjat  treatment. 

Blesses  4  and  S 

The  composition  of  glass  no.  4  was selected  in  tho  system 
ZnO-Al^-Sii^  with  tho  purpose  of  obtaining  gahni to-containing 
transparent  glass  ceramic.  Part  of  ZnO  was  substituted  by  li20  in  order 
to  decrease  the  melting  temperature.  However,  a-quartz  ss  was  found  in 
it  as  the  major  crystalline  phase.  Increasing  the  amount  ZnO  and  Ti02 
(composition  no.  4-1)  the  phase  composition  of  the  transparent  glass 
ceramic  changed  and  gahnlte  was  found  to  form  the  major  crystalline  phase 
with  soma  a-quartz  ss  as  minor  phase  (fig.  1).  This  fact  suggests  that  a 
liquation  mechanism  operates  as  in  no.  3:  the  high  silica  glassy  phase 
glyes  a-quartz  ss.  while  the  high  cation  phase  -  yields  gahnite.  having 
the  same  crystallographic  structure  as  spinel.  When  the  Lt20  content  was 
increased  In  the  original  glass  •  a-quartz  ss  containing  transparent  glass 
ceramic  was  formed  (composition  no.  5).  TiOj  and  Zrfl^  stayed  in  the 
residual  glassy  phase  at  these  temperatures.  The  fyCfc  content  in 
composition  no.  S  is  worth  noting.  The  isostructural  nature  of  the 


crystal  It  ne  phases  In  the  (SISDO4  and  (A1P)<>4  Mttii  it  practically 
impossible  to  distinguish  between  the  analogous  structuras  In  the  two 
chemical  systems  by  powder  XRD.  It  may  thus  be  that  part  of  the 
•-quart!  ss  say  actually  consist  of  an  (A1P)04  analog  of  this  structure. 
This  glass  ceramic  (without  Cr(liit))  is  colourists  owing  to  the  low  Tt02 
content  and  has  a  practically  zero  thermal  expansion  coefficient. 

3.2 

Detailed  absorption,  excitation  and  emission  measurements  were 
performed  on  samples  no.  3,  4-1,  S  and  7Z,  in  which  the  major  crystalline 
phases  ware  spinel,  gahnita,  l-quartz  ss  and  pata 11 te- I Ike-phase  (pip), 
respectively.  Full  details  of  the  results  and  discussion  were  given 
elsewhere  [3.4].  Only  the  main  results  and  conclusions  will  be  given 
here. 

The  absorption  of  the  glasses  before  crystallization  consists  of  two 

4  4 

broad  bands  peaking  at  450  nm  due  to  the  A2— -»T1  transition  and  at 
650  nm  due  to  the  *A2 — *T2  transition.  The  absorption  spectrum  is  very 
similar  to  that  described  in  detail  in  ref.  [63.  The  absorption  spectra 
of  the  species  having  high  concentrations  of  Ti02  contain  additional 
absorption  In  the  region  of  300-500  nm,  probably  due  to  the  presence  of 
Tis*.  which  might  be  formed  during  the  crystal lizatlon  process.  The  glass 
ceramics  samples  in  which  Zr02  is  the  main  nucleating  agent  are  almost 
free  from  this  absorption. 

Typical  excitation  spectra  of  a  glass  ceramic  -  consisting  of  spinel  • 
la  shown  in  fig.  t.  The  excitation  curves  depend  on  the  emission 
wavelength  usod  to  measure  it.  The  curves  obtained  at  amission 
wavelengths  of  770  and  630  mn  are  typical  to  the  Cr(lll|  in  the  glassy 
phase  and  those  measured  at  688  and  705  nm  are  characteristic  to  the 
Cr(:i!)  in  the  crysatlllne  phase. 


The  Minion  iptctra  of  the  four  glass-ceramic  samples  art  shown  in 
fig.  S.  Similar  to  the  excitation  spectra  the  MUttan  spectra  are 
dependant  on  the  excitation  wavelengths. 

, The  emission  spectra  of  the  tpinol  containing  glass  ceramlp  (no.  3)  it 
presented  in  fig.  3a.  for  excitations  at  47S  and  627  m  they  are  composed 
of  a  structured  part  at  around  680  nm  due  to  transition  from  &E  and  a 
broad  amission  in  the  range  650-960  nm  from  *Tg. 

The  emission  spectrum  of  the  gahnite  containing  sample  (4-1)  is  given 
in  fig.  3b.  Excitation  at  475  nm  results  in  a  very  weak  fluorescence 
consisting  of  four  sharp  bands  betwean  670  and  740  nm  and  a  broad  emission 
up  to  960  nm.  A  similar  picture  is  obtained  whan  the  sample  is  excited  at 
645  nm.  however,  the  fluorescence  is  more  Intense  by  a  factor  of  10  and 
the  main  emission  comprises  4  sharp  peaks  at  675,  689,  697  end  708  nm  with 
a  vary  weak  broad-band  emission  at  longer  wavelengths.  When  excited  at 
625  nm,  only  one  sharp  peak  it  obtained  at  705  nm  and  a  broad  emission 
extending  up  to  950  nm. 

The  amission  spectra  of  e>quartz  si  containing  sample  (6)  is  given  in 
fig.  3c.  Excitations  of  625  and  695  nm  give  rise  to  a  broad  emission 
peaking  around  830  nm  due  to  and  a  slight  contribution  of  the 

emission  arising  from  *E  with  two  peaks  between  625  and  706  nm.  This 
contribution  from  2E,  single  sites  and  pairs,  is  much  less  than  in  the 
gahnite  and  spinel  samples. 
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The  amission  spectrum  of  petalite-like  glass  corami c  (7Z)  is  shown  in 

fig.  3d.  Excitation  at  475  nm  and  625  nm  rasults  in  a  broad  emission  up 

4  4  d 

to  950  ran  from  T2-**2  and  weak  omission  from  E  around  69B  and  717  nm. 

The  amission  spectrum  for  excitation  at  570  nm  is  mainly  composed  of  the 
2E  omission  peaking  at  690  and  720  ran. 

The  efficiency  of  the  total  luminescence  in  gahnite  was  found  to  be  •I 
at  room  temperature.  The  quantum  efficiency  of  Cr(III).  in  the  glassy 
material  of  the  same  composition  from  which  the  glass  ceramic  was  obtained 
was  lower  by  a  factor  of  10.  This  dramatic  increase  of  the  quantum 
efficiency  in  the  crystalline  phase  is  a  result  of  the  decrease  of  the 
non-  radiative  de-excitation  in  the  ordered  system. 

The  quantum  efficiencies  found  for  Crtlll)  in  e-quartz  was  50%  and  in 
the  petalite-llke  phase  75%. 

Calculations  were  also  made  of  the  ligand  field  parameters  for  Cr(Ul) 
in  glass  ceramics,  glasses,  crystals  and  complexes  [3].  From  ^hese  the 
following  conclusions  were  drawn  about  the  relative  strength  of  the  ligand 
fields:  the  highest  ligand  field  is  observed  in  gahnite.  which  is 
comparable  to  ruby.  Spinel  and  petal ite  like  phase  are  subjected  to 
ligand  fields  similar  to  alexandrite  crystal  and  Cr-oxa late  complex.  In 
e-quertz  Cr(III)  is  subject  to  a  field  similar  to  that  for  yttrium  gallium 
garnet. 

From  the  practical  point  of  view,  the  findings  presented  here  may  be 
important  In  designing  luminescent  solar  concentators  and  Users  based  on 
Cr(III). 


Tab  It  1  TTit  compositions  of  lnvastlgatad  glatsas  (mol  £),  htat  traataant 
“  and  crystal  lint  phists  In  traniparant  gltts  etramlcs. 
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TIME-RESOLVED  AND  TEMPERATURE-DEPENDENT  SPECTRA  OF  CHROMIUM (III)  IN 
GLASSES  AND  SPINEL-TYPE  GLASS-CERAMICS 

Time-resolved  spectroscopy  of  Cr3*-doped  glasses  or  spinel-type 

glass  ceramics  with  titanium  and  tltanlum-alrconium  as  nucleating  agent 

2  to 

allows  ua  to  diatlngulah  between  the  long-lived  E  and  short-lived  T2 
states 4  Temperature  dependence  and  tine  resolution  permit  us  to  locate  the 
various  levels  and  presence  of  aggregates  of  Cr3+  In  these  systems. 

INTRODUCTION 

We  have  recently  shown  that  CrJ  -doped  glasses  of  special  composit¬ 
ion  can  be  converted  by  appropriate  thermal  treatment  (tay  around  1570‘c) 
to  transparent  glass-ceramics  containing  crystallites  much  smaller  than 
the  wavelength  of  visible  light  [1-5] >  The  potential  uses  of  these 
materials  in  tunable  lasers  and  In  luainsscent  solar  concentrators  have 

also  been  discussed  [6].  In  order  to  establish  the  relative  positions  of 
to  2 

the  and  S  levels  and  their  shifts  when  the  glassy  material  Is 
converted  to  the  mainly  crystalline  glass-ceramic  two  materials  A  and  B  of 
the  following  composition  In  molar  percent  were  studied) 

A.  58.7  S102i  16.7  AljOji  17.8  NgO|  6.7  T102»  0.03  Cr^ 

B.  49.1  S102i  19.7  Al20ji  21.9  NgOj  5.0  T102i  3.2  Zr02t  0.03  Cr^. 
In  what  follows  the  original  glass  samples  are  called  Ag  and  Bg  end 

the  glass-ceramics  obtained  after  thermal  treataent  Ac  and  Be. 

The  preparation  of  these  materials  of  the  spinel  type  has  been 
described  [1].  For  ooaparlson  we  have  also  grown  crystals  with  the 
formula) 

Spinel  NgAl204(Cr3t).  Mg^iO^Cr3*),  **2(Ti)|Zr1_x)0iJ{Cr3*), 

For  the  spectroscopic  measurement  we  have  used  a  quantal  YAG-Nd 
pulsed  laser  followed  by  a  tunable  dye  laser  to  scan  the  required  wave¬ 
length.  The  detailed  experimental  data  were  similar  to  those  described  in 
ref.  [7].  The  temperature  of  the  seasureaent  ranged  from  4.4  K  to  room 
temperature. 
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RESULTS 

Fig.  1  presents  a  comparison  of  the  emission  spectra  of  Ag  and  Ac 
samples  for  tltanlua  only  under  several  excitation  wavelengths  at  4.4  X. 
The  glassy  sample  Ag  is  characterised  by  two  sain  emission  bands,  one 

9  tl 

peaking  at  711  na  due  to  the  E->  A-  transition  and  a  broad-band  emission 

h  L  • 

at  around  800  nm  due  to  the  Tg->  Aj  transition.  The  positions  of  the  two 

bands  are  independent  of  their  excitation  wavelength.  None  of  the  emission 

spectra  presented  here  1s  corrected  for  the  spectral  response  of  the 

photomultiplier  and  the  analysing  grating)  the  corrected  spectra  of  the 

ealssion  are  shifted  to  longer  wavelength.  For  Instance  the 

maxlsiua  at  800  na  should  be  shifted  to  927  na  at  rooa  temperature  and 

to  984  nm  at  77  K  under  514.5  na  Ar  excitation  by  using  a  germanium 

photodiode.  In  the  glass-ceramics  under  similar  excitation  the  broad-band 

2 

ealssion  disappears  and  only  the  S  ealssion  is  present.  This  emission  la 
split  into  several  components  due  to  single  and  associated  ions  as 
discussed  below. 

We  also  show  in  fig.  1  a  comparison  of  the  ealssion  spectra  between 

the  glass  and  glass-ceramics  Bg  and  Bo  containing  sirconium  in  addition 

to  titanium.  The  main  features  of  these  spectra  resemble  Ag  and  Ac.  The 

2 

room- temperature  emission  spectrum  of  the  glass  lacks  the  sharp  E 

2 

•Mission  dut  to  th#  fact  that  ths  high  vibrations  of  statas  of  E  Is  nor* 

L 

completed  population  of  which  is  the  major  emitting  state  at  room 
temperature. 

Fig.  2  presents  the  time-resolved  emission  spectre  of  the  glassy  and 

crystalline  tltanlua  samples  Ag  and  Ac.  Siailar  measurements  for  the 

sirconium  exhibit  Identical  behavior.  As  aentioned  above,  the  short-lived 
4  4 

Tj->  A2  transition  present  in  the  glassy  phase  is  absent  in  the  glass- 
ceramics  at  4.4  K.  In  addition  the  glass-ceramics  reveal  a  gradual  time- 
dependent  disappearance  of  the  band  peaking  at  706  nm  and  an  increase  of 
the  bands  at  686.5,  689.7  and  693 >5  na.  From  this  behavior  we  conclude 
that  the  706  na  band  is  due  to  short-lived  pairs  or  higher  aggregates 
which  are  entifarromagnetieally  coupled  [1-3]  while  'the  long-lived  band 
around  690  na  is  due  to  E->A.,  ealssion  from  single  Or-7  ions.  It  should 
be  mentioned  that  in  the  glassy  phase  the  most  pronounced  band  is  due  to 
aggregetes. 

The  decay  time  of  all  samples  were  measured  at  4.4  K  and  at  room 
temperature.  A  non-exponential  behavior  of  the  decay  curves  is  observed 
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in  all  case*,  aainly  because  of  the  multiplicity  of  Cr^  sites.  In  the 

U  4 

glesay  sample  the  shortest  branch  of  the  decay  curve  of  tha  Tj-> 
transition  (800  no)  can  b«  fitted  to  t  »  14  pa  at  4.4  X  and  the  longer 

||  h 

branch  due  to  T.->  Aa  has  t  ■  47  ps  under  600  nn  excitation  anc  t  ■  140 
*  *  p  4 

ps  under  570  na  excitation  due  to  the  thermalisation  of  E  and  T,  states. 

2  4  * 

The  decay  curves  at  705  na  due  to  the  E->  A^  transition  exhibit  a 
long- tine  component  of  about  3  as. 

The  lifetiae  behavior  of  the  Ac  and  Be  taaples  are  presented  in  fig. 

3.  At  4.4K,  703  na  eaission  due  to  aggregates  under  570  and  600  no 

exhibits  a  long  component  of  3.4  as,  The  691  na  emission  under  excitation 
% 

into  688  na  E  has  a  lifetiae  of  8.4  as  due  to  single  ions.  At  room 
tenperature  for  tha  Ac  a  strong  contribution  of  is  observed,  as 
reflected  by  shorter  lifetiae  which  consists  of  two  components  50  and 
430  pa. 

The  -♦■cvinium  containing  glass  ceraaios  shows  a  longer  decay  than 
the  corresponding  tltaniua  doped  staple.  The  longest  lifetime  is  16.6  as 
on  excitation  to  570  na  and  eaission  at  688  na.  This  long  tine  arisos 
from  Cr^+  single  ions  positions  at  high  symmetry  sites  in  the  titanium- 
sirconlum  samples. 

It  should  be  noted  that  Cr^*  ions  in  lower  symmetry  sites  have  life¬ 
times  as  short  as  6  as. 

A  qualitative  summary  of  these  results  is  given  in  fig.  4  which 
1+  2  k 

rtprastrita  CvJ  iltts  for  slngl*  loni.  The  S  itfttt  It  tbovt  A-  and  It 

4  2 

unchanged  for  Cr*'  In  different  envlronaents,  T.  may  change  its  pocitlon 

‘  » 

considerably  in  various  environments  and  It  lies  above  E  in  the  crystall¬ 
ine  phase  and  at  the  ease  position  or  slightly  lower  in  the  glassy  phase. 
The  pairs  and  more  highly  associated  ions  are  not  represented  in  the 
figure  1  as  noted  above  they  have  ahorter  lifetimes  than  do  Cr^*  ions  in 
single  positions.  A  similar  result  has  been  found  for  ruby  [8]. 

A  ooaparative  study  of  Cr^*  behavior  in  glass-ceramics  and  in 
"real”  crystals  of  similar  composition  is  now  In  progress. 

t 

This  work  was  performed  In  collaboration  with  the  group  of  Professor 
Oeorges  Boulon  at  the  University  of  Lyon. 
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Figure  Captions 


Fig.  1  Emission  spectra  of  Ag  («)  and  Ac  (b),  and  emission  spectra  of 
Bg  (e)  and  Be  (d)  under  various  laaar  excitations  at  4.4  K  and 
also  at  room  temperature  for  the  Bg  sample. 

Fig.  2  Time-resolved  spectra  of  Ag  (a)  and  Ac  (b)  under  570  nm  laser 
excitation  at  4.4  K. 

D  •  delay  time. 

The  gate  width  was  100  pa. 

Fig.  3  Decay  curves  of  Ac  (b)  and  Be  (a)  for  various  emission  wavelengths 
under  several  laser  excitations. 

Fig.  4  Schematic  configurational  coordinate  curves  for  Cr^+  single  ions 
in  crystallites  (a)  and  in  glasses  (b). 
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TRANSPARENT  GLASS-CERAMICS  DOPED  BY  CHROMIUM(III); 
SPECTROSCOPIC  PROPERTIES  AND  CHARACTERIZATION  OF  CRYSTALLINE  PHASES* 
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Abstract 

Several  types  of  transparent  glass-ceramics  doped  by  Cr(Xli;  were 
prepared  in  SiOj-AljOj-RO  (R  -  Mg,  Ca,  Zn)  ayatoma.  The  cryetalllne  phaaes 
obtained  after  appropriate  heat  treatments  were  determined  by  X-rey 
diffrection.  The  epectroecopic  behavior  of  Gr(lII)  allowa  characterisation 
of  the  oryatelline  phasea  in  which  Cr(XXI)  is  incorporated  by  analogy  with 
crystals. 
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Introduction 

The  importance  of  transparent  glass-ceramics  doped  by  Cr(IIl)  as 
potential  new  materials  for  LBC  (luminescent  solar  concentrators)  and 
tunable  lasers  has  been  recently  reviewed  (1,2). in  a  number  of  papers 
(3-8)  using  absorption  and  steady  state  luminescence, it  has  been  shown 
that  Cr(21I)  exhibits  exceptionally  high  quantum  efficiency  of  luminescence 
,  as  compared  to  that  in  glasses  of  the  same  compositions. 

In  octahedral  symmetry, d3  systems  like  chromium (111)  have  three  excited 

4 

quartet  (total  spin  quantum  number  S-3/2)  states  above  the  groundstate  A2 

anc^a  large  number  of  excited  doublets  (S»1/2).The  first  excited  state  le 

either  in  "low-field"  situations, where  the  sub-shell  energy  difference 

A  between  the  two  strongly  anti-bonding  d  orbitals  (e)  and  the  three 

roughly  non-bonding  orbitala  (t_)  la  lower  than  the  energy  difference 
2  <  1 

(  fetween  E  and  determined  by  effects  of  interelectronlc  repulsion; 

or  it  is  2E  in  the  "high-field"  situation , where  A  is  larger  than  the 

latter  expression  for  spin-pairing  energy. This  distinction  is  relatively 

clear-cut  in  absorption  spectra, but  is  modified  by  the  Franck-Condon 

.  2  1 

principle  in  lum^neacence, where  the  sub-shell  configuration  (t_)  (a) 

4  * 

of  T,  containing  ona  anti-bonding  electron  has  an  energy  above  the 

‘  4 

groundstate  A^  dependent  oh  the  18  internuclear  distances  between  the 
chromium  nucleus  and  the  6  nearest-neighbour  nuclei. In  particular , the 
scaling  of  all  internuclear  distances  by  the  same  factor  slightly  above 
1  corresponds  to  a  lower  value  of  &  and  a  lower  excitation  anergy  above 

4  2 

Aj.on  the  other  hand,  E  has  to  a  high  precision  the  same  sub-shell 
configuration  (tj)3  as  the  groundst«  4A2  and  provides  roughly  parallel 

potential  surfaces  and  a  miner  Stokes  shift  of  the  luminescence  Ml. 

2  4 

Hence, simultaneous  emission  may  occur  from  E  and  from  Tj  at  an  energy 

considerably  lower  than  the  maximum  of  the  broad  absorption  band. Also 

the  time-evolution  (decay  curve)  of  the  luminescence  may  deviate  strongly 

o 

from  exponential  behaviour, because  energy  is  Btccked  in  the  E  state 
having  life-times  typically  in  the  10~3s  range, whereas  the  oscillator 

-4 

strength  f  (usually  a  few  times  10  )  of  the  apin-allowod  transition 

4  4 

from  Tj  to  Aj  corresponds  to  a  radiative  life-time  in  the  10  a  range. 
The  observed  life-time  of  the  *T2  luminescence  (if  detected  at  all)  may 
be  much  ehorter,due  to  non-radiative  relaxation  processes.  ' 

Comparison  of  the  A  values  in  Table  1  shows  that  the  ligand  field 
of  Cr(lll)  in  the  crystalline  phase  of  the  glass-ceramics  is  higher  than 

in  the  glassy  phase  or  in  glasses, and  its  value  is  comparable  td>  that  of 

2  ~1 

Cr(XII)  in  ruby  and  alexandrite. The  E  level  is  acme  1000  to  3000  cm 
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below  the  minimum  of  the  *T2  potential  aurf act. Such  a  situation  permits 
thermal  equilibration  between  two  levels, a»  haa  been  found  previously  in 
many  complexes  and  crystals, also  such  containing  lanthanides  and  biBmuth (llll 
Later, it  was  shown  |9]  by  time  resolved  spectroscopy  of  Cr(lll)  doped 

spinal  and  petalite-like  phase  types  of  glass-ceramics, that  this  method 

2  4 

,  enables  a  more  precise  distinction  of  the  E  and  T2  energy  levels  of  Cr(Xll) 
and/af  the  equlibrium  between  the  populations  of  the  two  levels, 

'in  the  present  work, a  systematic  study  of  the  dynamic  behaviour  of  Cr(lXI) 
luminescence  was  performed  and  an  attempt  to  relate  the  spectroscopic 
properties  of  Cr(III)  and  the  structure  of  the  surrounding  crystalline 
phases, was  made. 

1. Experimental  procedure  and  results 
X  A. Preparation  of  glass-ceramics 

The  starting  compositions  of  the  glasses  from  which  glass-ceramics  were 
i.  jrepared.are  given  in  Table  2. 

HO 2  and  ZrOj  ware  used  as  nucleators , separately  or  in  combination. In 
theoaee  of  sample  M,Crj03  itself  plays  the  rfile  of  nucleator,not  needing 

any  additional  TiO,  or  ZrO,.The  Cr_o,  concentrations, given  in  Table  2  in 

*•  *  *  J  19’  3 

mole  percent  correspond  approximately  to  1.1*10  Cr(IlI)  ions/cm  . 

The  raw  materials  were  high  purity  oxides  with  the  exception  of  NH4H2P04 

used  ae  source  of  PjOg. Belgian  glasa  sand  Sibelco  (99.8  wt  t  BiOj)  and 

Alcoa  A-16SG  (greater  than  99. 5  wt  l  AljOj)  were  used  as  Si02  and  A1203> 

The  glasses  were  melted  in  A1203  crucibles  at  1550  to  1560  *C  in  an 

electric  furnace  for  2  to  3  hours, The  melts  were  cast  into  steel  moulds  and 

pressed  into  plates  approximately  5  mm  thick. These  were  immediately  pieced 

in  e  furnace  at  500  *C  for  annealing;the  furnaco  waa  turned  off  and  the 

..Ample*  were  cooled  at  the  cooling  rate  of  the  furnace. 

The  addition  of  TiOj  produces  a  grayish-yellowish  shade  of  the  usual 

green  colour  of  Cr(Ill)  doped  glasses. We  also  prepared  glasses  of  the  same 

-  compositions, except  for  absence  of  Cr (III). The  refractive  indices  of  the 

glaseea  varied  within  the  interval  1.63  to  1.65. 

Conditions  for  further  heat  treatment  were  determined, using  mass 

crystallization  in  an  electric  furnace. The  heat  treatment  waa  carried  out 

in  two  stages. The  initial  stage  (nucleation)  was  carried  out  for  10  hours 

at  730  to  800  "C.The  temperature  just  bolow  which  the  glaa-ceramics  lose* 

its  transparency  waa  selected  for  the  second  stage  (crystallization) .The 

heating  rate  for  each  stage  was  3  to  5  'C/min.Tha  nucleation  temperatures 

t3,the  crystallization  temperatures  t2  and  the  soaking  times  are  shown  in 

Table  2. 


n 
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All  the  samples  were  transparent  after  heat  treatment  and  the  colour  of  most 
of  thorn  became  more  grayish.  The  T10»  -  Including  samples  darkened  to  a  varying  ] 

extent)  depending  on  the  T10t  concentration.  It  Is  caused  either  by  the  possible  j 

formation  of  T1*+t  or  by  some  other  process  |1Q)  which  Is  not  well  understood. 

Identical  heat  treatments  were  performed  on  the  undoped  samples.  1 

i 

The  refractive  Indices  after  heat  treatment  varied  within  1.66*1.68. 

IB  X-ray  diffraction  measurements  J’ 

The  crystalline  phases  present  after  host  treatment  were  determined  by  x-  • 

»} 

ray  diffraction  of  powdered  samples  using  CuKj,  tube  with  Nl-fllter  in  e  Phillips  ‘ 
diffractometer.  The  x-ray  diffraction  spactra  given  In  Fig.  1  were  Interpreted 
using  the  ASTM  diffraction  file.  - 

The  crystalline  phases  obtained  are  Indicated  in  Tables  l  and  3  .  In 
each  sample,  In  addition  to  crystalline  phases,  residual  glass  was  also  observed, 

IC  Spectroscopic  measurements 

Square  samples  of  10mm  edge  end  3mm  thickness  wort  cut  from  all  the  undoped 
end  doped  glasses  and  glass-ceramics.  The  surfaces  as  well  is  one  narrow  edge 
were  polished  for  optical  measurements. 

The  details  of  the  spectroscopic  measurements  (absorption,  excitation  and 
emission  spectre)  have  been  given  In  [3,4]. 

Absorption  spectra 

Absorption  spectra  of  samples  were  measured  on  a  Cary-219  spectrophotometer, 

Samples  of  glass  end  glass-ceramics  doped  with  Cr*+  were  measured,  using  as 

1 

blanks  Identical  undoped  samples  of  glass  pr  glass-ceramics  respectively 

'  ! 

It  should  be  noted  that  glass-ceramics  containing  titanium  Ions  become  darker,  j 

after  heet  treatment,  than  the  corresponding  glasses.  The  absorption  it  wavelength  j 

shorter  then  600  nm  in  samples  without  Cr14  may  be  due  to  T1*4  to  which  Tl"4  j 

could  be  reduced  during  the  heat  treatment.  These  samples  were  elso  used  is  j 
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blanks  for  measurements  of  the  absorption  spectra  of  Or*4  In  glass-ceramics 
containing  T1. 

Absorption  spectra  of  thraa  glasses  and  glass-ceramics  having  different 
concentrations  of  T10,  are  shown  In  Fig,  2(a-b)>,  Absorption  spectra  of  five  sampl 
art  given  .In  Fig.  3  (a-e).  -  The  samples  of  imilllte  glass  and  glass-ceramics 
were  measured  against  ordinary  undoped  glass  because  It  was  Impossible  to 
prepare  Identical  glass-ceramics  without  Cr*0j. 

Optical  absorption  data  are  presented  In  Table  3. 

Emission  and  excitation  spectra 

Emission  and  excitation  spectra  were  measured  using  an  Oriel  xenon  dc  1  BOW 
lamp;  an  Oriel  7240  monochromator  with  a  resolution  of  6nm/mm  blazed  at  SOOnm 
for  excitation  of  luminescences  a  Spex  1704  analyzing  monochromator  and  an  RCA 
7102  cooled  photomultiplier  for  registration  and  a  PAR  189  selective  amplifier 
and  PAR  128  lock-in  amplifier  for  amplification  of  emission. 

All  samples  were  measured  In  an  Identical  position,  namely,  when  the  exciting 
light  fell  on  the  surface  of  the  sample  3mm  from  the  front  polished  edge.  The 
luminescence  was  registered  from  this  edge  at  right  angles  to  the  excitation. 

All  fluorescence  spectra  were  corrected  for  the  spectral  response  of  the 
Instrument  by  means  of  a  special  computer  program. 

Measurements  and  calculations  of  quantum  yield  were  performed  by  comparison 
with  a  standard  material  of  known  efficiency  [11],  An  LLP  glass  sample  of  the  same 
dimensions  as  the  measured  glasses,  and  duped  with  0.0S8  WX  of  Cr,0,  was  used  as 
a  standard.  Quantum  efficiency  of  Cr,0»  In  this  glass  was  D.23  [12,13]. 

In  order  to  eliminate  errors  connected  with  the  Instability  of  the  measuring 
system  the  spectra  of  the  standard  samples  were  recorded  Immediately  before  and 
after  recording  the  spectra  of  the  measured  samples.  Luminescence  spectra  were 
taken  for  different  excitation  wavelengths. 

The  spectra  of  the  glasses  and  glass-ceramics  are  given  In  Fig.  4  (a-e) 

U 

lithium  lanthanum  phosphate 
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and  the  quantum  efficiency  data  In  Table  3, 

The  quantum  efficiency  of  Cr,+,  defined  at  the  number  of  photons  emitted 
by  Cr,+  Ions  divided  by  the  number  of  photont  absorbed  by  these  Ions*  It  hlghar 
than  the  efficiencies,  measured  In  samples  containing  high  titanium  concentrations. 
The  Influence  of  tha  amount  of  T10(  can  be  teen  In  Table  3  .  In  order  to 
circumvent  the  parasitic  absorption  of  T1*+  It  Is  advisable  to  reduce  the  amount 
of  T10a  to  a  minimum,  or  to  exchange  It  entirely,  whenever  possible,  by  a 
nonabsorbing  nucleator. 

fluorescence  lifetime  measurements 

Cr*+  fluorescence  lifetimes  were  measured  using  a  tunable  dye  later,  Solectron 
DL-200,  pumped  by  e  pulsed  N,  laser  Molectron  UV  14,  with  a  pula*  duration  of  8n». 

Sevaral  dyes  wera  used  for  different  excitation  wavelengths:  for  525-SSOnm 
exc-C485;  for  555-66Bnm-C49Bi  for  S95nm*R6Gj  and  for  620-6«'6nm-RB. 

Tha  emission  passed  through  a  monochromator  and  was  detected  with  a  R92B 
Hamamatsu  photomultiplier.  The  signal  was  recovered  with  a  EHomatlon  8100  digitizer 
end  averaged  with  Nlcolet  178.  The  signal  was  obstrved  simultaneously  on  tha 
Nlcolet  acrean  and  then  recorded  on  an  x*y  YEW  3086  recorder. 

The  first  and  tha  second  exponential  lifetimes  t_  and  t.  (defined  at 

*1  *2 

the  times  during  which  Intensity  of  the  luminescence  decreases  by  a  factor  of 
e  and  e*)  ware  cslculated  using  a  computer  program  (Tahiti  3), 

The  Integrated  lifetimes,  defined  as: 

/*tl(t)dt 

Tlnt  "  A(t)dt 

where  t  «  time  and  1  *  emission  Intensity,  were  also  calculated.  Using  thase 
lifetimes,  exponential  curves  were  reconstructed.  Some  of  these  are  represented 
in  Fig.  S  (dotted  curvet}  is  compsred  to  measured  lifetimes  (full  curves). 

As  can  be  seen  from  this  figure,  the  difference  between  the  measured  and  the 
exponential  curves  Is  much  higher  In  gless-ceramlcs. 
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II,  DlSCUSSlOn 

The  absorption  bind!  of  Cr'4  In  tho  crystslllne  its  to  In  th«  observable  4A,-*4T, 
transition  are  shifted  to  hlghar  antrgy  as  compered  to  tha  glassy  stata  [3,4]. 

Tho  oscillator  strangth  In  tha  crystalllna  phasa  Is  ganarally  lower  by  a  factor 
of  two  than  In  tha  glassy  phasa.  This  Is  not  surprising  slnca  In  tha  glassy 
stata  Cr14  rasldas  In  a  symmetry  lower  than  In  tha  crystalllna ,  thus  allowing 
wort  parlty-forblddtn  3d-3d  transitions, 

Spinal-type  class  carsmlcs  T-51 

Tha  amission  spactrum  of  Cr*4  In  tha  T-51  spinal  typa  glass-ceramic*  (fig. 
4(b)),  .  as  wall  at  In  tha  othar  spinal  typa  glass-ceramics  [3. 43,  dlffars  in 
shapa  from  tho  amission  spactrum  of  tho  starting  glass  (sta  Fig.  1  of  [9]). 

The  amission  spactrum  It  composed  of  tha  »£■*%  amission,  which  it  character* 
Istlc  for  Cr'4  In  tha  crystals  with  a  large  field  strength,  and  of  tha  wide 
“Ta+%  amission  In  tha  glass  arid  low  field  crystalline  sites.  Tha  'E+% 
amission  reveals  a  complex  structure,  which  Is  well  resolved  at  4  K  [83.  In 
order  to  understand  tha  origin  of  various  bnnds  wt  need  to  know  tha  crystalline 
structure  of  spinels  and  sites  Into  which  Cr'4  can  enter. 

The  usual  "normal  spinal"  formula  Is  A^B,^X» ,  where  A-dlvalent  cation, 
B-trlvalent  cation,  and  X-dlvalent  anion.  Tha  symbol  [43  designates  -  tetrahedral 
coordination  and  [63  *  octahedral  coordination.  However  spinels  are  known  to 
undergo  Inversion,  tha  formula  of  "Inverse  spinal*  being  B^[AB]^X*.  Tha  degree 

of  tho  Inversion  dapands  on  the  conditions  of  crystallisation.  Usually  It  Is  much 

/ 

larger  In  synthetic  spinels  than  In  natural  spinels  [143, 

In  tha  spinel  structure  tha  Cr'4  Impurities  occupy  octahedral  cation 
positional  [15]). Actually,  almost  all  Cr'4  complexes  In  solutions  as  well  as 

tha  solids  compounds  are  known  to  show  the  coordination  number  N»6  with  octahedral 
symmetry  [1]. 


The  spintls  MgA1,0i,  undergo  Inversion  to  some  extent  when  heated  between 
760**900®  (md  higher  temperatures)  without  annealing  [14]. 

The  inversion  must  occur  to  a  considerable  degree  in  our  samples  as  evident 
from  the  appearance  of  additional  lines  in  the  spectrum  due  to  *E+*A,  emissions 
which  are  the  result  of  changes  in  the  positions  of  the  Cr*4  energy  levels  in  the 
inverted  versus  normal  sites.  This  behavior  in  crystals  was  profoundly  studied  by 
hi hands  at  al.  [14-16]. 


The  intrinsic  lE-*,lAl  luminescence  (R-line)  has  lower  intensity)  typical  for 
strictly  octahedral  syimetry,  than  the  Cr*4  luminescence  in  Inverted  sites  [14]. 

This  is  not  surprising  since  the  parity  forbidden  transitions  become  partially 
allowed  when  the  high  symmetry  is  lowered. 

The  R-line  intensity  Increases  when  Cr*4  iom  are  excited  at  shorter  wavelengths. 
A  weak  line  at  nfiSOnm  In  thn  emission  spectrum  of  T-51  glass-ceramics  at  655nm 
excitation  is  the  R  line  (Fig.  4(b)),Th1s  line  is  missing  at  622nm  excitation. 

Tue  next  most  Intensive  line  at  '\690-695m.'t  arises  from  Cr*4  in  one  of  the  distorted 
CrO  octahedrons,  the  most  coroon  In  our  sample.  The  Intensive  but  almost  hidden 

9 

line  at  706nm  [the  N*-11n*  [15,17]  Is  due  to  the  exchange -coupled  Cr*4  Ions 
(emission  of  Cr14  pairs,  like  thu  R  line,  changes  its  place  only  a  little  In  the 
spectra  of  different  spinels  and  many  other  crystals).  The  origin  Of  this  line 
from  the  C r*4  pairs  is  deduced  from  lifetime  measurements  and  time-resolved  spectro¬ 
scopy  at  low  temperatures  [9]. 

f 

The  broad  emission  at  *>700-  lOOOnm  Is  from  Cr*4  in  the  low  crystal  field  (in 
glass  or  crystals)  -  *T,-**A,  emission.  Its  intensity  increases  relative  to  the 
•[♦"A  group  when  the  excitation  is  st  622nm.  The  maximum  of  the  kT, emission  lx 
shifted  to  e  shorter  wavelength  relative  to  a  simple  glass  (Fig.  3(a)  )sim11arly 
to  absorptions  that  is,  there  is  •  stronger  crystal  field  around  Cr*4  ions  in  the 
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glass-ceramics.  T-51. 

HHh  Increasing  Cr*4  concentration  the  possibility  Increases  that  two  Cr*4 
lonl  will  be  In  nearby  sites  Interacting  antlferromsgnetlcally  and  creating  ex- 
changa  couplad  pairs  with  eharactarlitlc  luminescence  Unas  from  tha  *E  level  (8). 

Tha  significant  exchange  pain  Cr*4 emission  In  crystals  ordinarily  appaars 
whan  concentration  of  tha  dopant  Is  0.3  mola  *  [15,18].  In  our  starting  glass 
tha  Cr*4  concentration  Is  low  -  only  0.02  mola  t.  Evan  at  this  concantratlon 
wa  observed  tha  N,  Una  from  pairs  In  tha  spinal  glass-ceramics.  This  may  be 
dy§  to  tha  fact  that  tha  Cr14  Ions  are  distributed  unevenly  between  crystalline 
and  glassy  phases,  tha  crystalline  phasas  being  enriched  by  Cr*4  ions.  This 
phenomenon  Is  under  further  Investigation  by  tha  ESR  method. 

Tha  weakness  of  the  R-llne  In  T-51  glass-ceramics  may  result,  from  energy 
transfer  from  single  Ions  to  pairs.  Energy  transfer  was  also  evident  from  lifetime 
measurements.  The  luminescence  In  T-51  shows  high  nonexponential Ity  of  the  decay 
curves  (Fig. 5b  and  5$  Indicating  efficient  energy  transfer  In  different  time 
regions  between  various  luminescent  centers*  In  glass,  the  luminescence  Is  close 
to  exponential  [19]  (Fig.  5a). 

The  decay  of  the  R-llne  emission  at  680nm  (Table  4  )  is  very  steep  In  the 
Initial  time  region  (t^)  because  of  energy  transfer  to  other  Cr*4  species. 

However  the  duration  of  luminescence  lasts  nesrly  5ms  at  room  temperature  and 
longer  at  lower  temperatures  [9J. 

The  lifetimes  of  Cr*4  Ions  In  distorted  sites  are  usually  shorter  than  for 
the  Mine  due  to  higher  transition  probability.  In  our  case  the  lifetime  of  696nm 
luminescence  Is  almost  the  same  as  for  the  R-11ne,  the  R,l1ne  lifetime  being  the 
rate-determining  step  In  this  process,  governed  by  energy  transfer! 

While  the  high  nonexponential  1  ty  and  duration  of  the  decay  curves  tell  about 
complicated  energy  transfer  processes  between  tingle  sites,  the  same  Is  also  true 
for  Cr*4  pairs  at  emission  of  706nm.  The  and  times  are  mueh  shorter  than 


for  the  R-llne.  Here  we  c«n  expect  thermal Izstlon  of  the  *E  energy  level  of 
pairs  with  the  higher  crystal  field  *Tt  level,  [1],  distribution  of  energy 
and  shortening  of  lifetimes. 

While  the  highest  Cr*4  quantum  efficiency  In  glasses  Is  Ml. 23,  It  Is  much 
higher  In  glass-ceramics  [3,4].  This  fact,  combined  with  an  Inexpanslve  produc¬ 
tion  process,  makes  glass-ceramics  suitable  candidates  for  laser  rods  and  LSC. 

The  quantum  efficiency  of  Cr*4  In  the  T-S1  glass-ceramic  Is  M  at  622nm 

and  *Q.6  at  555nm  excitation  (Table  3  ),  when  the  effect  of  T1*4  absorption  Is 

apparent 

excluded.  The  negative  Influence  of  T1  on  thaAquantum  efficiency  of  Cr*4  (Table 
3  )  Is  due  to'the  absorption  of  T1*4.  We  therefore  conclude  that  samples  of 

high  efficiency  should  contain  a  minimum  amount  of  tltanla. 

* 

Petal! tt-Hke  type  glass-ceramics  3-1 

In  the  glass-ceramic  3-1  Cr14  reveals  properties  which  are  characteristic 
both  for  high  and  low  field  strengths.  The  main  crystalline  phases  In  this  type 
are  high  (B)-quartz  solid  solution  and  pets llte- like  phaoe. 

The  6-quart*  Is  built  from  S10*  tetrahedra,  connected  in  spiral  chains 
[CCI]«  The  only  way  for  Cr*4  to  enter  this  phase  Is  to  occupy  Interstices 

In  the  open  quartz  structure  while  A1*4  replaces  SI*4  In  the  tetrahedra.  In 
such  a  way  Cr*4  Ions  are  situated  similarly  to  ordinary  glasses;  however,  they  are 
subjected  to  a  higher  surrounding  crystal  field  strength.  The  absorption  and 
luminescence  spectra  of  Cr*4  In  6-quartz  glass-ceramics  are  very  similar  to 
those  In  glasses  (only  shifted  to  higher  energies),  and  the  *E  luminescence 
band  Is  slightly  more  pronounced  In  the  spectrum  [3]. 

The  petallte-llke  phase  Is  a  phase  with  an  x-ray  pattern  similar  to  that 
of  natural  peta11te,L1AlS1,0n  [21 The  structure  of  the  natural  petallte 
consists  of  SIOd/AlOx  tetrahedra  layers  with  LI4  Ions  In  four-fqld  coordination 
between  them.  There  are  no  sites  whore  Cr’4  can  enter  this  structure.  However, 

In  the  petallte-llke  phase.  Mg*4  Ions  replace  LI4,  and  because  Mg*4  prefers 
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octehtdral  coordination*  tha  petal  1t«-11ka  phase  structure  may  be  vary  distorted 
from  tha  structure  of  the  natural  petal Ite,  allowing  entrance  of  Or*4  Ions. 

In  the  system  Mg0-Al,0,-S10,  In  which  we  are  working  (Table  2  ),  the 

pure  low  quartz  does  not  crystallize,  but  a  whole  series  of  metastable  solid 

amounts  of 

solutions  which  sre  based  on  h1ghAquartz  structures  are  formed  [22].  From  these 
solutions*  after  longer  periods  of  heating*  more  stable  crystalline  phases  are 
gradually  formed.  Together wtthhlgh-quartz  solid  solution  a  metastable  petallte- 
llke  phase*  probably  with  the  pyroxene  structure*  crystallizes  [21,23].  In  this 
structure  Mg'*  Ions  are  In  six-fold  coordination  [24]*  and  may  be  replaced 
by  Cr'4.  In  this  manner*  Cr*4  Ions  may  occupy  different  crystalline  sites  In 
different  crystalline  phases  of  3-1  glass-ceramics*  and  reveal  characteristic 
spectroscopic  properties  with  diffused  emission  bands. 

The  Origins  of  tha  various  emission  bands  can  be  obtained  by  analogy  with 
the  works  of  W.  Klkenda  et  al.  ^4.17  J. 

The  emlaalon  band  at  *v«76-680nm  (Mg.  4(c)).  can  be  attributed  to  the 
undistorted  R-llne  with  the  highest  energy  end  the  bind  st  705nm  to  the 
emission  of  the  pairs  of  Cr*4  Ions  from  the  suite  sites.  The  large  concentration 
of  auch  pairs  Is  deduced  from  the  Intensity  of  this  emission.  The  most  Intensive 
line  at  ntbOnm  la  from  the  Cr>4  Ions  In  other  crystalline  sites*  while  emission 
et  'tflSnm  originates  from  the  corresponding  Cr*4  pairs  with  a 
•  much' -lower  concentration.  . The  broad  ‘T,  •  ‘A,  emission  Is  weak  at  550nm 
excitation  and  Increases  with  longer  wavelength  excitations.  It  1c  alto  shifted 
to  the  higher  energies  on  comparison  with  starting  g1as*<  (Fig.  4(c)  ). 

The  lifetimes  of  Cr*4  In  the  3-1  gless-ceremlcs  ere  shorter  then  in  T-51 
(Table  4  )  and  lasts  only  2  msec  at  room  temperature.  The  R-llne  lifetime 
la  shortened  because  of  possible  energy  transfer  t.o  Cr*4  pairs,  fhe  lifetimes 
of  the  690nm  end  705nm  emissions  sre  similar,  while  that  of  the  'Mbnm  emission 
Is  much  shorter.  It  reveals  decreasing  lifetimes  of  the  pilrs  but  very  likely 
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may  be  caused  by  thermal  Nation  with  the  closely  situated  *Tt  level.  The  life- 
tine  of  *Tt  itself  Is  of  the  ordinary  value-  about  10ms. 

The  quantum  efficiency  of  Cr14  In  petallte-Hke  glass  ceramics  Is  high; 
up  to  0.8-0. 9*  while  Cr44  efficiency  In  tha  starting  glass  Is  only  0.2  (Table  3  •}. 
The  T1  absorption  decreases  the  efficiency  of  Cr14  luminescence  to  0.5-0. 7  but  It 
la  still  large.  It  Is  also  possible  to  decrease  the  amount  of  TtO*  In  the 
system*  which  upon  crystallisation  gives  petal Ita-quartx  typa  glass-ceramics. 

He  can  consider  this  type  of  glass-ceramics  suitable  for  LSC  and  laser  purposes 
because  of  Its  high  quantum  efficiency  and  Intensive  broad  luminescence. 

Zlrconla  type  glass-ceramics  Z-1  and  T-Z4 

In  the  glass-ceramics  2-1  and  T-Z4,  ZrO,  crystal  Hies  tetragonally  (T)  [253, 

The  coordination 

number  of  Zr^4  Is  8.  inert  are  no  Ion  sites  with  coordination  number  6.  Also 
we  cannot  see  any  interstitial  site  with  such  a  coordination.  The  conclusion 
Is  that  In  this  glass-ceramics  there  Is  no  space  for  Cr*4,  requiring  coordination 
number  6.  During  crystalllietlon.  Cr14  Ions  must  remain  In  the  residual  glassy 
phase.  This  means  that  Cr14  Ions  are  exposed  to  low  field  strength  In  xlrconla 
glass-ceramics  as  confirmed  by  broad  low  Intensive  luminescence  frpin  the  'T,  level 
Identical  to  the  "T^A,  Cr*4  luminescence  In  glasses  (Fig.  4d  ).Also  the 
luminescence  lifetimes  are  the  seme  (Table  4  )  as  In  glasses. 

The  considerable  change  of  colour  followed  by  decrease  of  optical  denlsty 
end  oscillator  strength  In  this  glass-ceramics*  as  compared  to  glass*  Is  not 
understood.  It  could  be  perhaps  dua  to  partial  oxidation  of  Cr14  to  Cr14.  All 
the  sbova  discussion  concerns  T-Z4  glass-ceramics.  The  .large  concentration  of  Cr,0, 
In  this  sample  gives  the  glass  and  glass-ceramics  a  dark  colour*  'decreases  the 
luminescence  efficiency  and  shortens  the  lifetimes.  ' 

HulVjtf  type  class-ceramics.  M 

The  conditions  of  preparation  and  the  composition  range  for  mulllte  glass- 
ceramics  In  which  Or94  has  an  Intensive  emission  were  studied  In  the  excellent 
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works  of  Beall  ot.  al.  [26-28].  In  this  paper  we  present  for  the  first  time 
detailed  spectroscopic  measurements  and  analysis  of  Cr,+  doped  mullite  glass- 
ceramics. 

The  crystalline  phase  of  the  glass-ceramics  M  has  the  stoichiometric  formula 
2Al,0,i$10l.  Aluminium  Ions  occupy  both  tetrahedral  and  octahedral  sites  [29] 
each  type  forming  chains.  Usually  mullite  Is  not  a  pure  compound  and  dissolves 
variable  amounts  of  S10a  and  other  substances. 

Chromium  Ions  enter  octahedral  sites  replacing  A1*+.  Emission  of  Crl+ 

(Fig.  '  4e)  Is  very  broad  and  Intensive  with  one  distinct  peak  at  697nm. 

Obviously  this  emission  originates  from  the  Cr1*  Ions  situated  in  different  sites 
of  high  field  strength  (*£■►%)  as  well  as  low  strength  ("VA,).  By  comparison 
with  spinels  It  was  concluded  that  6B3nm  emission  originates  from  undistorted 
Cr*+  sites  (the  R-llne).  697  emission  is  from  Cr»4  in  the  most  frequently  met 
distorted  sites,  having  lifetimes  longer  than  lifetimes  of  the  R-line  (Table  4  ). 
The  other  lines,  due  to  pairs,  are  obscured  by  the  broad  emission  from  the 
*Tg  level,  which  also  shifts  to  shorter  wavelengths  comparative  to  glass. 

The  lifetime  of  Cr,+  in  the  starting  glass  Is  usual  for  the  '•T,  emission  - 
6ps  (Table  4  ),  and  very  long  In  the  glass-ceramics  with  duration  of  luminescence 
up  to  Sms, 

The  nonexponential Ity  of  ell  decay  curves  indicates  slow  energy  transfer 
between  various  centers,  t.  and  i.  of  the  R  line  is  shorter  than  for  the  697 

»1  C| 

line  because  of  energy  transfer  to  the  exchange  coupled  pairs  in  this  higher 
Cr14  doped  sample  (Table  2  ).  The  lifetimes  of  the  emission  at  725nm  (where 
there  Is  no  distinct  line)  ere  shorter  -  it  may  be  'E  Emission  of  Cr>4  in 
high  distorted  sites,  which  are  known  for  shorter  lifetimes,  and  also  emission 
from  'T,  In  a  sufficiently  large  field,  which  Is  in  thermal  equilibrium  with 
the  *E  level.  The  lifetimes  ere  shortened  for  the  75Pnm  emission  (*Tt)  and  also 
for  the  larger  wavelengths'  excitations  (665nm,  625nm). 


The  quantum  efficiency  of  Cr,+  In  the  starting  glass  is  0.14  (Table  3  ). 

It  Is  the  usual  value  for  0.1  mole*  Or*4  Ip  glass.  The  quantum  efficiency  of 

Cr*4  Ions  In  mulllte  glass-ceramics  Is  as  high  as  *1.0.  This  fact  together 

with  width  of  emission  and  absence  of  TIO,  makes  mulllte  glass-ceramics  one 

« 

of  the  most  suitable  for  LSC  and  lasers. 

III.  Present  and  Future  Work 

The  main  conclusion  which  we  can  Infer  la  that  glass-ceramics  represent 
high  potential  media  for  tha  Introduction  of  Cr14  Ions,  which  Is  vary  Interesting 
from  both  the  theoretical  and  practical  points  of  view.  Glass-ceramics  of  definite 
spinel  types,  petal  1  te  and  mulllte  types,  already  deserve  more  detailed  Investiga¬ 
tion  for  their  possible  utilization.  The  others  meanwhl la.  require  mort  precise 
laboratory  work.  Wa  think  that  the  present  and  future  work  must  consist  of  the 
following  points: 

1.  ESR  Investigation  of  the  samples.  This  will  help  to  determine  the  Cr*4 
distribution  between  residual  glass  and  crystalline  phases  and  also  reveal 
different  Cr'4  sites  In  the  different  glass-ceramics  types. 

2.  Exclusion  of  Tlo,  In  the  glass-ceramics  by  othar  nucleator  agents,  such  as 
ZrO,  and  bettar,  by  P,0|.  Investigation  of  systems  which  may  give  transparent 
glass-ceramics  only  by  phase  separation  processes  without  Introduction  of 
nudaators  (mulllte  types,  for  example). 

3.  -Achieve!  of  greeter  amounts  of  crystalline  phases  by  minor  changes  In  compo¬ 
sitions  and  hast  treatment.  It  will  help  to  determine  Cr*4  sites  In  these 
phasat  mort  precisely  and  also  optimize  luminescence  Intensities. 

4.  Change  of  Cr'4  concentrations.  It  Is  necessary  to  Investigate  possible  limits 
of  Cr'4  concentration,  In  which  Cr’4  absorption  Increases  without  causing 
concentration  quenching,.  It  will  reveal  the  optimum  concentrations  accompanied 
by  the  most  Intensive  amission,  On  the  other  hand  Increasing  concentrations 
will  help  to  atudy  different  crystalline  site*  occupied  by  Cr'4  Ions. 

4r  luminescent  solar  concentrator 
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TABLE  1 

Ligand  Field  Parameter  A(1n  the  unit  1000cm*1)  for  CrWlO»  in  Glass  Ceramics 
(g.c.),  Solids  and  Complexes  In  Solution, 


Spinel-type  g.c,  original  glass  IS. 5 

•do.  -  glassy  micro-phase  15.95 

-do.  *  micro-crystallites  17.25 

5-quartz  g.c.  glassy  micro-phase  15.0 
•do.  •  micro-crystal lites  16.8 

petallte-lUe g.c.  original  glass  15.6 

-do.  -  glassy  micro-phase  16.0 

-do.  -  micro-crystallites  17.5 

various  silicate  glasses  16.2-15.5 

lithium  lanthanum  phoaphata  glace  -  15.45 

Alexandrite  Al^Cr^BeO.,  17.35 

Spinel  MgAl2_xCrxOfc  18.2 

Spinel-type  MgAiCrO*  17.65 

Ruby  Al2.xCrx0,{x<0.Q4)  18.0 

greyish  pink  Alj^Cr^O,  1/.55 

CriC^Ojj)^  (oxalate  complex)  17.5 
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TABLE  3 

Spectral  characteristic*  and  quantum  efficiencies  V)  of  chromium (III ) 
in  glasses  (g.)  and  glass-ceramics  (g.c,). The  molar  extinction  coefficient 

C  is  given  for  absorption  maxima, and  the  oscillator  strength  f  of  the 

4  4  -4 

Aj-  Tj (derived  from  the  absorption  band  area) is  given  in  the  unit  10  . 

Y^r  referpi  to  the  quantum  efficiency  evaluated  for  the  absorption  in 
i^tcrflll)  only, and  Hcr+Ti  the  8ma:iler  value  obtained, taking  into 
account  the  absorption  by  simultaneously  present  titanium. 


Sample  Phases  after  Absorption  Luminescence 


heat  treatment 

J\(nm) 

! 

f 

^exc 

<nm) 

*lcr+Ti 

T-51 

<g.) 

- 

C60 

37.3 

2.48 

- 

- 

- 

(g.c.) 

Spinel 

ZrO.(T) 

600 

15.0 

2.6 

622 

~  1.0 

0.32 

A 

555 

0.60 

0.24 

1-1 

(g. ) 

• 

680 

11.0 

1.46 

625 

<*v  0.2 

~  0.18 

490 

23.9 

(g.c. ) 

^-quartz ) 

680 

7.8 

- 

625 

0.90 

0.70 

petalite- 
1 ike  phaBei 
ZrO.(T) 

490 

550 

0.33 

0.51 

Z-1 

(g.  > 

- 

660 

24.8 

2.12 

_ 

.. 

395 

7.5 

(g.c. ) 

ZrC- (T) 

665 

10.9 

0,78 

625 

0.20 

• 

A 

395 

18.1 

T-Z4 

(g.c.) 

Zro2(-T) 

665 

28. 6 

3.28 

633 

0.21 

0.18 

445  **>215 

M 

(g.) 

> 

620 

30.1 

3.48 

625 

0.14 

_ 

410 

28 . 2 

(g.c.) 

mulUtef 

620 

15.6 

3.3 

625 

a.1.0 

• 

residual 

glass 

592 

0.56 

a* 

45 


TABLE  4 

Life-tims  Data  on  Chromium (ill)  in  Glasaea  and  Glass-Ceramics . 
Wave-lengths  of  emission  and  "Xexc  are  given  in  nm.The  life-times 

end  ^  (in  microseconds)  refer  to  the  time  where  the  intensity  is 
1/«  and  1/e2  of  the  intensity  immediately  following  the  exciting  flash. 
The  duration  (in  milliseconds)  refer  to  the  (much  longer)  time, when  the 
luminescence  still  can  be  detected  (corresponding  to  energy  storage  in 


the  long-lived  2E 
Sample  Main  phases 

state) 

^exc 

ri 

T2 

duration 

LDP  glass 

830 

22 

28 

0.1 

T-51  spinel 

677-680 

555 

200 

468 

5 

696 

555 

220 

437 

5 

706 

555 

117 

330 

5 

712 

555 

88 

151 

2.5 

3-1  A-quartzj  675-680 

minor  amounts685-690 
Of  petalite- 
liKe  phase 

705 

595 

550 

595 

550 

48 

58 

90 

74 

95 

160 

174 

159 

1 

2 

2.5 

2 

715 

595 

26 

48 

1 

765 

595 

12 

17 

0.1 

625 

4 

6 

0.05 

z-1 ,  glass 

835 

625 

16 

19 

0.1 

z-1,  zro2(T) 

697 

625 

12 

17 

0.1 

750 

625 

9 

14 

0.1 

820 

625 

7 

12 

0.1 

M,  glass 

835 

625 

6 

7 

0.1 

N,  mullite 

683 

525 

298 

470 

« 

565 

124 

204 

2.5 

625 

88 

160 

2.5 

697 

525 

36  6 

650 

5 

56  5 

160 

24  8 

2.D 

625 

134 

200 

2.5 

725 

525 

160 

254 

'  5 

750 

565 

42 

66 

1 

625 

85 

130 

2.5 

) 
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FIGURE  CAPTIONS 

Fig.1.  X-ray  diffraction  of  the  translucid  glass-ceramics  samples. 

1i  T-51,  2 :  2-1 1  3 1  VZ<|  4t  3-1)  5t  M. 

On  the  curvest  zc  ZrOjIT);  st  spinel)  qt  ^-quartz;  ps  petalite- 
like  phase;  mt  .nullite. 

Fig. 2.  Absorption  spectra  of  undoped  glasses  and  glass-ceramics 
with  different  amounts  of  TiOj.The  mole  percent  is  1.5  on  part  a, 
and  6  and  10.6  on  part  b. 

Fig. 3. Absorption  spectra  of  chromium (III)  in  different  glasses  and 
glass-ceramics  containing  0.05  mole  percent  CrgO^.The  parts  are 
at  T-51)  bt  3-1;  C)  Z-1 )  dt  T-Z4)  at  M. 

Fig. 4.  Emission  spectra  of  chromium(III)  in  different  glasses  and 
glass-oeramics  containing  0.05  mole  percent  Cr2o3.The  life-times 
indicated  are  the  second-fold  exponential  life-times  'fj.The  parts  are 
at  LLP  glass)  bt  T-51;  ct  3-1)  dt  2-1  and  T-Z4;  et  M. 

Fig. 5.  Decay  curves  of  samples  containing  0.05  mole  percent  Cr203. 

Tft*  full  curves  are  measured) the  curves  with  small  black  circles 
correspond  to  purely  exponential  curves  with  the  same  integrated 
life-times. The  parts  are 

at  LLP  glass  excited  at  625  nm, emission  measured  at  830  nm. 
bt  T-51  glass-ceramics  excited  at  555  nm, emission  measured  at  696  nm. 
ct  Also  T-51  glass-ceramics  excited  at  555  nm,but  the  emission 
measured  at  712  nm. 
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Mullli'iliii'CtramiNwfft  p ripe  red  with  vifylns  eontenirtup nr  of  Cr(lll).  Thi  X-r»y  absorption,  million  ind  EPR  iptcui 
revisi  ihn  Hit  noil  defined  erysuis  in  formic  ll  Hit  lowest  tenet  nlrillon  of  CMIIII  Tht  conetnlrmon  eutnehmt  of  tht  lumf 
ntittitet  U  until  ind  tht  puinmr,  t  fflclindti  high  tt  tom  pend  with  tliuti 


1.  Introduction 

it  hit  been  shown  in  n  number  of  recent  pipers 
that  quantum  efficiencies  of  Cr(ill)  it  room  temper- 
■lure  in  transparent  glan-ceramlce  are  much  higher 
than  in  corresponding  glsseei  [1-7),  This  fact  is 
attributed  to  small  probabilities  of  non-radlativ* 
relaxation  in  more  organised  glass-ceramics,  Simi¬ 
larly  the  concentration  qucnahlng  of  fluorescence  of 
the  *Tj-*A«  emission  is  high  in  glasses  [1-10]  and 
much  lower  in  glut-ceramics.  It  Is  the  purpose  of  the 
present  work  to  study  the  influence  ofCHHO-doped 
mullite  glut-ceramics  [3-5]  and  to  verily  the  conclu¬ 
sions  by  parallel  study  by  X-ray  diffraction  and  EPR 
measurements.  The  knowledge  accumulated  on 
spectroscopy  in  ruby  (I  I]  it  helpful  in  the  Interpre¬ 
tation  of  our  results, 


3.  Experimental 

The  glass-ceramics  were  prepared  by  the  ueue! 
method  of  thermally  mating  a  precurtor  glass.  A  glass 
of  basic  composition  |4]  was  used;  45SIO:i 
20B,0>:2!Ai}0):».95K,0:0.05AS)0>  (all  quantities 

*  Supported by Ul Army Conttict No  DAM4J.IS-C-00JI. 

1  lerique  Partner  Profeuor  of  Solar  Inetgy, 
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in  weight  per  cent).  The  various  amounts  of  CrjOy 
wera  added  to  thle  bule  mixture  at  given  in  table  I . 

In  order  to  prepare  the  giants  100  g  portions  of 
mixtures  were  melted  In  alumina  crucibles  in  an 
electrical  Aimact  heated  to  1 600*C,  thrn  poured  into 
e  iteel  mold  and  put  in  a  flirnace  preheated  to  650'C 
for  anneeling.  The  furnace  was  Immediately  turned 
off  tnd  gletect  were  cooled  at  the  cooling  rate  of  the 
flirnace, 

In  the  preparation  of  the  mullite  iJttt-certmict 
three  Cr(III)  concentritiont  were  used  The  concen¬ 
trations  art  listed  In  sable  I;  they  are  designated  by 
symbols  3B,  25B  and  36B.  The  heat  treatment  wts 
performed  in  two  etept  at  follows:  First  heating  at 
700-7J0*C  for  2  h  and  then  at  100'C  for  4  h.  The 
heated  gleitet  were  cooled  at  the  cooling  rate  of  the 
flirnace.  Plates  of  10x10x3  mm  dimensions  were 
cut  and  polished.  X-ray  diffraction  spectra  were 
measured  on  a  Philips  diffractometer  using  Cu  Ka 
radiation  with  a  Nl  filter.  Absorption,  emiaalon  and 
excitation  spectra  and  quantum  efficiencies  ware 
measured  as  in  reft,  [1 .2J.  EPR  spectra  were  taken  at 
room  temperature  on  it  Varien  E-12  EPR  tpeciro- 
photometer  at  9.17  OHt  with  iO  mW  power.  The 
magnetic  field  wee  varied  from  500  to  4500  O. 


0  009-2614/16/S  03.50  C  Elsevier  Science  Publishers  B.V. 
(North-Holland  Physics  Publishing  Dlvison) 
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Table  I 


Spusiroifopif  proiKflUiofCrlllll  m  mulliu|biKfrimlc»comilnlm  different  »m#uni»orCr;0, 


Mtiinmtnt 

Coowiimion  of 
Cr,0, 

Atoorpuun 

Imlulon 

wb 

Mb 

wivilirith 

Knm) 

OD 

(for  1  mm) 

wivilmith  of 
tultlllon  t(nm) 

quantum 

•fTicicncy 

» 

0.05 

0.031 

but 

DO 

0.031 

633 

0.15 

but 

too 

0,014 

633 

0.31 

ttrim. 

350 

0.014 

560 

1.00 

All 

0.1 

0.047 

bm 

DO 

0.031 

633 

0,07 

|Uu 

too 

0.0)0 

633 

0.71 

cram. 

350 

0.036 

360 

0.51 

111 

0.3 

0,005 

bm 

DO 

0.130 

635 

\«0  lo» 

bm 

MO 

0.016 

63) 

0.63 

ctnm. 

550 

0.067 

360 

0.14 

3.  RtlUln  Hill  dllCWHlDIt 

Tht  X-riy  diffraction  ipictn  in  in  fl|.  I.  Char- 
icteriitic  pttki  due  to  inullitt  cryuili  cin  be  Men 
distinctly,  Al  higher  eoncenintionii  of  CrA  thi  X- 
ray  pitttrni  ire  more  dlffiue  thin  it  low  concentra¬ 
tion.  Thit  behtvlour  li  oppoiiW  to  thit  of  Cr(UI>* 
doped  ipinel  gliu-cerimici  (6. 12).  In  the  litter  cue 
CrA  iithlHm  ipinel  eryitili  ind  miy  be  uied  it  i 
nudeitor  when  it  li  idded  in  lufficiently  lirge 
imounti.  We  tucceeded  ilto  in  pnpintion  of  mul> 
llteglstt-ceramici  of  the  time  compotition  undoped 
by  Crflll).  The  crymllltei  were  bluer,  ifter  the  wnt 
hut  treatment  the  glaii-cenmiei  were  i  little  opilei- 
cent.  The  conclution  it:  in  the  cue  of  mullite  |Jiti- 
certmlci  the  cryitilliiition  continuei  immediitely 
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E>|.  I.  X-rty  dlfltirlion  ip«w»  of  mulllie  coMilnlni  (Jilf 
cirtmlct  with  virloui  imou.m  of  CtiOv  m  ■  mull  lit. 


liter  liquid-liquid  phne  upiritlon  without  the 
nucleitlonitep|l3). 

On  the  other  hind,  CrA  it  known  n  one  of  the 
moil  active  turfici  igenti  for  lowerini  the  lurfice 
tenilon  1 14, 1 5),  CrA  idditiom  to  origlnel  undoped 
mullite  iltii-cerimici  miy  decrenc  turfici  tenilon 
on  the  border  of  two  liquid  phuei.  decreite  intemil 
energy,  ehinge  mutuil  liquid  phne  distribution  ind 
flnilly  ciuie  i  decreite  of  the  cryitilline  tilt. 

The  position  end  intentitlei  of  ibiorptlon  peikt  of 
Crfill)  depend  on  the  deiree  of  cryitilliiition.  In 
timet  tht  sbtorption  of  the  4A;- 4Ti  tnniition 
petki  st  630  nm  ind  tht  opticil  density  of  1 1  mm 
thick  pint  li  sboui  twice  thit  of  the  gleu-cerimici 
of  identical  thlcknni  ind  eoncintrition  mbit  I ). 

The  rttuliini  ibiorbince  in  tliu-ceramici  li  the 
tequence  of  miny  factors,  tuch  it  CrA  distribution 
between  |leiMt  ind  cryitilline  phnet.  ihift  of 
ibiorbince  bindi  to  ihoner  wavelength  in  gliu- 
cenmlct  ii  ■  mult  of  itronter  ll|ind  field,  end 
decrene  of  oicillator  itrenith  for  higher  lymmetry. 
In  the  gliu-eerimlci  3B  the  ibiorpilon  ipectrum  It 
moved  to  ihoner  wivelenithi  thin  In  tht  umplt  26B 
which  memblei  the  gins. 

F, minion  ipactra  ire  ihown  in  fi|.  2  for  two  exci¬ 
tation  wivelenithi:  623  ind  360  nm.  The  dominant 
e minion  it  S60  nm  excitation  in  the  ilm-etrimici 
JB  it  the  imlulon  it  691  nm  from  the  ’E  enirty  level. 
It  occuri  it  lonter  wivelenithi  thin  ii  known  for 
CrfUI)-doped  cryttalr.  ruby  [11,16],  alexandrite  1 1 7) 
and  different  ipineli  (3,11),  and  miy  bt  i  conn- 
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Fig.  3.  Imlition  tptttri  of  mullitr  aliiRinmlct.  doprd  to  tlif- 
ferrnl  CMCCiltrailon  by  Crtllll  |*gliii.»/c«gliii<«r»mic*. 

queue*  of  lower  symmetry.  Th*  part  of‘T,  (million 
li  alto  •uemiil,  In  the  29B  ind  3tB  umplii  the  *TS 
•million  it  more  end  more  pronounced,  This  behav- 
lour  It  more  notibl*  at  <29  nm  excitation,  when  the 
*T-  level  li  directly  exulted.  For  thli  excitation  4TS 
•minion  it  dominini  in  |liii<trimici  26B,  In  ill 
these  etui  •minion  initniitiei  ire  much  larger  ihin 
for  ordinary  Cr<lll)-doped  glattei. 

EPR  behaviour  (fig.  3)  it  Im  obvioui  than  emit- 
lion.  Mullitr  glsu-cermiei  lack  high-symmetry  litei 
at  ipineli  and  gahnite  1 1,3]  and  subsequently  lick  the 
charicttriitic  lignal  at  nearly  1990  0.  The  lignal  at 
1 440  0  originate*  from  Fi1*  |I2];  it  appears  alio  in 
undoped  gl  stas  and  glatt*ceraniica  (fig.  9),  The  con¬ 
centration  increase  ii  clear  in  glaiHi  at  well  ai  in 
•laiKaramict,  In  tht  cryatalliied  aamplei  the  left 
aidei  of  the  wide  lignal  art  slightly  decreased  and  the 
right-peak  lignal  it  much  enlarged.  It  ia  known  IVom 
ref.  |I2]  that  the  Few  lignal  does  not  change  after 
cryatilliaailon,  so  such  a  behaviour  mutt  rafted  a 
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Fig  3.  IFR  derivative  spent*  immured  *1  »»9  |t  OHi)  or 
unhtiMtiiitd  |lmtt  ind  mullitr  glMi-ctramiri.  doped  to  dir- 
firtm  concentrations  by  Crtlll)  |»|l*u,a't*ilns-«nmlrt 

change  of  derivative  in  coniequence  of  CrfHI)  enter¬ 
ing  Into  the  crystalline  phases-  This  change  becomes 
lass  and  icit  pronounced  at  larger  Cr(lll) 
concentrations. 

The  moil  important  question  ia  concentration 
quenching  and  quantum  efllcirncies  at  larger  con¬ 
centrations  of  OyO>.  It  is  shown  in  table  I.  The 
quantum  efficiencies  of  Cr,0>  in  glasses  are  given  for  1 
comparison,  The  atrongeat  concentration  quenching 
it  in  glatiei,  Quantum  efficiencies  ofCr(lll)  in  mul- 
lite  glais-ctramlct  are  very  high  (see  alto  rtf.  ()]).  It 
ft  I  at  960  nm  excitation  in  sample  3B,  a  Utile  amaller 
for  sample  29B,  On  the  other  hand,  tfficiency  at  629 
nm  excitation  it  even  higher  in  the  second  glass- 
ceramics  sample,  However,  they  both  decrease  in  the 
next  sample,  containing  0.2  Wfe  ( *  0. 1  MH)  0,0,. 
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Although  there  it  only  i  «m»H  deereue  in  quantum 
efficiencies.  the  decrease  sum  already  «t  a  low  con¬ 
centration.  It  is  obvious  that  the  cause  of  it  Is  in  the 
decreasing  concentration.ofCt(IU)  in  the  crystalline 
phase  together  wilh  a  general  decrease  of  amounts  of 
this  phase.  Therefore  it  is  not  like  the  common 
behaviour  for  other  types  of  glass-ceramics.  In  such 
types  of  glass-ceramics  as  gahnlte,  spinel,  petalite  in 
which  CrjOi  stabilizes  the  crystalline  phase,  the  con¬ 
centration  threshold  may  be  very  high,  it  is  also  worth 
noting  that  the  observed  concentration  quenching 
does  not  reject  the  potential  utilization  of  mullite 
glaei-ceramics:  together  with  this  small  decrease  of 
quantum  efficiencies  the  Crtil!)  absorbance  increases 
significantly,  so.  the  overall  emission  also  increases. 
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